We aim to combine these two concepts for the first time by studying fluids containing nano-sized phase changing particles. In this study, the convective heat transfer performance and the thermal properties of solidliquid phase changing paraffin nanofluids are experimentally examined. Three water-based paraffin nanofluids with particle mass fractions of 5-10% are prepared and measured with an annular tube heat exchanger. The heat transfer measurements cover both laminar and turbulent regimes with Reynolds numbers varying in the range of 700-11000. The measurements also include pressure losses in order to study the suitability of the fluids for practical forced convection applications. In addition, the fluids are characterized: latent heats, specific heats, viscosities, thermal conductivities, densities and particle size distributions are all determined experimentally. In agreement with previous studies, the nanofluids are found to exhibit Nusselt numbers clearly higher than water when compared on the basis of equal Reynolds numbers. However, the differences in Prandtl numbers are shown to explain these deviations in Nusselt numbers. Indeed, the well-known Gnielinski correlation is able to explain the results quite adequately and thus, significant anomalies in the convection heat transfer caused by neither the melting of the phase change material nor the presence of the nanoparticles are observed. However, the nanofluids have systematically slightly higher Nusselt numbers than the correlation would predict, but the deviations are within the accuracy of the correlation (10%). When compared by using equal pumping powers, the nanofluids exhibit heat transfer performance poorer than that of water. The positive impact of the latent heat is outweighed by the negative effects of the increased viscosity and decreased specific heat.
INTRODUCTION
In many heat transfer systems, the thermal energy is carried as sensible heat of a single-phase fluid. Since such systems are often operated with rather small temperature differences, the working fluids must be pumped at high volumetric flow rates resulting in remarkable pumping costs. Therefore, the thermal performance and the energy density of the working fluids is a major issue to be resolved.
Recently, the exploitation of phase change material (PCM) suspensions as heat transfer fluids has attracted wide attention, since the latent heat of the phase change could significantly improve the energy density of the fluid. In several studies, suspensions containing micro-sized PCM particles (typically 1-200 μm) have shown significant improvement in convective heat transfer performance [1] [2] [3] [4] [5] . However, the convection performance of such fluids containing nano-sized PCM particles has not been experimentally evaluated so far. The nanoscale might provide notable benefits over microscale, since suspensions containing solid nano-sized particles (nanofluids) or liquid droplets (nanoemulsions) have previously shown significantly enhanced convective heat transfer in several studies [6] [7] [8] [9] [10] [11] [12] 19] . In addition, the smaller scale of particles may improve the stability of the fluids.
In this study, the presence of nano-sized particles and the latent heat of phase change are exploited simultaneously, hence combining these two keenly studied methods of enhancing heat transfer fluids. The aim is to experimentally examine the thermal properties and the convective heat transfer performance of water-based fluids containing nano-sized solid-liquid phase changing paraffin particles. Three such PCM nanofluid samples with different concentrations are prepared, characterized, measured and analyzed. The convective heat transfer performance is studied with an annular tube heat exchanger. The measurements cover both the laminar and turbulent regimes with Reynolds numbers varying in the range of 700-11000. In addition to the convective heat transfer, the analysis includes the change in the required pumping power due to the increased viscosity and friction factor caused by the nanoparticles. The nanofluids are also thoroughly characterized; latent heats, specific heats, viscosities, thermal conductivities, densities and particle size distributions are all determined experimentally.
MATERIALS AND METHODS
The paraffin nanofluids were prepared as follows. The solid paraffin wax (VWR Prolabo, predominantly straight chain hydrocarbons C20-C50) was first added to water and the mixture was heated to 70 °C in order to melt the paraffin. Then, the sodium dodecyl sulfate (SDS) surfactant was added to the solution (msurfactant/mparaffin = 1/3). After this, the fluid was stirred with ultrasonic processor (Hielscher 400UPS, 400 W) for two hours (700 g sample at a time). Before the measurements, the fluids were filtered with paper filters (Whatman, pore size of 10 μm). The mass of impermeable solids in the feed was negligible.
The latent heats, the phase change temperatures and the specific heats were determined using the Netzcsh DSC204FI Phoenix Differential Scanning Calorimeter (DSC). The uncertainty of the device was 1% for enthalpies and 0.5 K for onset temperatures (according to the manufacturer). All the DSC measurements were conducted using a 5 K/min heating and cooling rate. In the latent heat and phase change temperature measurements, the sample was repeatedly heated and cooled in the temperature range of 5-80 °C. The specific heats were measured using the temperature range of 10 -90 °C.
The particle size distributions were determined with Dynamic Light Scattering (DLS) method using the Malvern Zetasizer Nano ZS apparatus. The DLS measurements were conducted at temperatures of 15°C and 65ºC in order to study the size distributions in both solid and liquid states of the particles. The fluid stabilities were studied by repeating the DLS measurements sequentially at least ten times, and by measuring the size distributions before and after the convective heat transfer measurements.
The viscosities were measured with two different viscometer types in order to ensure the measurement reliability and to compare the functionality of the different viscometers to measure samples containing solid-liquid phase changing nanoparticles. The two measurement devices were a Haake falling ball type C viscometer and the Brookfield DV3TLVCJ0 cone/plate rheometer. Based on the measurement repetition, the uncertainties of the devices were estimated to be 0.5% and 1.5%, respectively. The temperature range in both viscosity measurements was 20 -65 °C, which was roughly equal to the temperature range of the convective heat transfer measurements. Since cooling of the samples may result in supercooling of liquid particles, the fluids were heated up during the viscosity measurements in order to ensure that the fluid states during the viscosity measurements would correspond to the states during the convective heat transfer experiments.
The thermal conductivities of the nanofluids were determined with the C-therm TCi-3-A thermal conductivity analyzer, based on modified transient source plane technique. The uncertainty of the device was 3% (reported by the manufacturer). The thermal conductivities were measured at room temperature. The densities were determined at temperatures of 20 °C, 45 °C and 65 °C using VWR hydrometers.
CONVECTIVE HEAT TRANSFER MEASUREMENTS
The convective heat transfer experiments were performed using an annular tube type counter flow heat exchanger, in which the nanofluid samples flowed in the inner tube and hot water flowed in the outer section (Fig. 1) . The inner and outer tubes of the heat exchanger were 1.47 m long acid-resistant steel pipes with inner diameters of 6 mm and 13 mm, respectively. The thickness of the inner pipe, which corresponds to the wall separating the two fluids, was 1 mm. Before the heat exchanger, the nanofluid was cooled below 15 °C in order to ensure the complete solidification of the particles. The cooling was performed using a heat exchanger with cold water flowing in the external side. After this, the fluid was pre-heated to temperature of 20-25 °C using a heating bath in order to ensure that the fluid temperature in the measurement section would cover the whole melting temperature range of paraffin. The outlet temperatures of the heated nanofluid samples varied between 56°C and 70°C, depending on the flow rates. The volumetric flow of nanofluid was varied in the range of 0.2 -2.4 l/min. The flow rates were controlled with pump frequency controllers. The hot water in the outer section entered into the heat exchanger at the temperature of 95 -98 °C and cooled to 86 -95 °C, depending on the flow rate. The flow rate of hot water was varied in the range of 2.1 -13.9 l/min, depending on the flow rate of the nanofluid. The measurement conditions were altered from point to point in order to reach the temperatures required for the particle melting. Nevertheless, the measurement condition pattern was the same for all the fluids measured, thus allowing the fair comparability of the results. In order to prevent natural convection, the warming nanofluid was arranged to flow upwards in the vertically positioned heat exchanger. Consistently, the water flow on the external side was set to flow downwards.
The temperatures of the nanofluids were measured with two thermometers at the inlet point and another two at the outlet. Likewise, the temperature of the hot water in the external section was measured with two thermometers on each end of the tube. Before reaching the outlet thermocouples, the fluids in both sections were strangled in a narrow gap of 1 mm in diameter in order to ensure complete mixing of the fluid. With such an arrangement, cross-sectional temperature gradients were minimized, thus improving the quality of outlet temperature measurement. The apparatus for measuring pressure losses (Yokogawa DP Harp pressure transmitter) was connected to each end of the inner tube of the heat exchanger, with a distance of 1.68m. The velocities of nanofluid and water flows were measured with the Optiflux 4000 electromagnetic flow sensors. Based on the measurement repetition, the uncertainties were estimated to be approximately 1% for the heat transfer coefficients and 2% for the pumping powers.
Fig 1.
A schematic of the convection heat transfer measurement apparatus: an annular tube type heat exchanger (1), a pressure meter (2), a cooler (3), a preheater (4), a pump (5) and a flow meter (6).
Determination of heat transfer coefficient
Heat transfer coefficients were determined based on the measured inlet and outlet temperatures T (K), mass flows ̇ (kg/s) and fluid properties. First, a logarithmic temperature difference is calculated using its definition.
where the subscripts i and o refer to the inner and outer sections of the heat exchanger, respectively, and the subscripts in and out refer to inlet and outlet, respectively. The conductance (W/K) of the heat exchanger is defined as the ratio of the heat transfer power (W) and the logarithmic temperature difference (K) as
where is the specific heat and ∆ is the temperature change of the fluid. The conductance per length can be also expressed as
where and (m) are the inner and outer diameters of the tube, respectively, ℎ and ℎ (W/m 2 K) are the inner and outer heat transfer coefficients, respectively, and is the thermal conductivity of the tube material (acid-resistant steel, = 15 W/mK). The heat transfer coefficient of nanofluidℎ can be calculated after ℎ is determined using the well-known Dittus-Boelter correlation for turbulent flow.
= 0.023
Where Nu is the Nusselt number, Re is the Reynolds number and Pr is the Prandtl number of the hot water flow. The Nusselt number was further corrected to correspond to the geometry of the duct between the annular tubes (Nuann) using a method suggested by Petukhov and Roizen [13] .
Determination of mean values
Some fluid properties, such as viscosity, are strongly dependent on the temperature. In addition, the melting of the PCM causes the fluid properties to alter significantly inside the heat exchanger. Therefore, accurately predicted mean values that represent the convective heat transfer measurement conditions are required for the analysis of the results. The mean temperatures and the mean fluid properties were determined using the following numerical method. The tube is divided in a thousand computation cells with equal lengths . The conductance G is assumed to be constant along the tube length. Starting from the entrance point of nanofluid with measured temperature values Tnf,in and Twater,out, the heat transfer power of the cell ( ) can be calculated with equation
where is the length of the measurement section (1.47 m). If the heat capacity flow (including the latent heat) is assumed to be constant, the temperature change of nanofluid in the cell (∆ , ) can be calculated as
Consistently, the temperature change of water in the cell (∆ , ) is calculated as
This algorithm is repeated to obtain the temperatures in all the cells. The calculated temperature values of the last cell are bound to be very close to the values measured (Tnf,out and Twater,in), since the calculation method is based on the experimentally determined conductance and power. The mean temperatures and mean fluid properties used in the result analysis were obtained as averages of these thousand computational temperature points, which represent the longitudinal temperature profile inside the heat exchanger.
RESULTS AND DISCUSSION
The measured properties of the nanofluids are summarized in Table 1 .
Latent heat and specific heat
A DSC measurement of a 10.0 w-% nanofluid is presented in Fig 2. The latent heats of the fluids were similar or slightly lower than those predicted based on the particle fractions and the latent heat of bulk paraffin (159 kJ/kg). The latent heats of particles in the 5.0, 7.5 and 10.0 w-% paraffin nanofluids corresponded to 90%, 97% and 101% of the latent heat of bulk paraffin. In smaller length-scales, the ratio of the particle surface area and the volume becomes larger, and therefore the surface interactions have enhanced influence. The SDS surfactant used in the nanofluids studied has an impact on paraffin structure close to the particle surfaces, thus making changes in the latent heats and phase change temperatures possible [14] . However, only minor deterioration of the latent heat (≤10%) was observed for these fluids, which is advantageous in terms of practical heat transfer applications. Similar behavior of the latent heat in smallscale systems has been reported in literature as well [15] [16] . According to the DSC measurements, the melting of the particles in the fluids occurs at two almost separate periods: the first onset temperature is observed at ~30 °C, but the largest portion of the paraffin melts around ~53 °C (Fig. 2) . The melting temperatures were similar for all the PCM fluids studied. The melting occurs at rather broad temperature range, since the paraffin consists of several different hydrocarbons with the carbon numbers predominantly in the range of C20-C50. Such a large temperature range of melting can be considered both an advantage as well as a disadvantage in terms of practical applications: the energy density enhancement applies through a broad range of temperature, but on the other hand the associated sensible heat becomes large thus reducing the importance of the latent heat on total energy density. The solidification occurs in slightly lower temperatures of 22-39 °C. Therefore, the supercooling degree of the paraffin particles is quite moderate (~20 °C) which is eligible for practical forced convection applications. However, the supercooling degree may depend on the conditions, such as the cooling rate and the disturbance of the fluid.
The melting and solidification temperatures of PCM fluids correspond mostly to those of bulk paraffin. However, the bulk paraffin was found to melt at a slightly broader temperature range (25-68 °C) than the PCM fluids (30-59 °C). In addition, the solidification of the bulk initiates at slightly higher temperature of 51 °C. The difference in the solidification onsets corresponds to the difference in the melting temperatures and thus, the supercooling degrees of the bulk and the PCM fluids are similar.
The relative specific heats in 20 °C and 65 °C are presented in Table 1 . The specific heats between these temperatures could not be determined, since the latent heat of phase change disturbs the measurements. The reported specific heats are determined based on the cooling cycle measurements, since the temperature range of solidification is narrower than that of melting, thus causing no disturbance in the desired temperatures of 20 °C and 65 °C. The relative specific heats measured are same in both temperatures for all PCM fluids. Increasing paraffin concentration causes the specific heats to decrease, as expected. Table 1 . The major material properties of the nanofluids at temperatures 20 °C and 65 °C. Abbreviations: T -temperature, Dnumber -average particle size (diameter) base on the number distribution, Dvolume -average particle size (diameter) based on the volume distribution, PdI -polydispersity index, ΔH -latent heat of melting, cp,nf and cp,bf -specific heats of the nanofluid and water (respectively), ρnf and ρbf -densities of the nanofluid and water (respectively), λnf and λbf -thermal conductivities of the nanofluid and water (respectively).
Fig 2.
The latent heats and phase change temperatures determined with DSC.
Particle size distribution
The particle sizes and polydispersity indices measured with DLS are presented in Table 1 . The more accurate size distribution for the 5.0 w-% paraffin nanofluid is presented in Fig. 3 , and the distributions of the other concentrations are similar. In solid state (15 °C), the particles appear to be larger than in liquid state (65 °C). In addition, the distribution in liquid state is more uniform. Similar results were obtained also after 10 rounds of sequential heating and cooling of the samples. The size distributions of the fluids were also measured after the convective heat transfer measurements in order to ensure the dispersion stability during the experiments. The particle size distributions of all nanofluids remained unchanged during the heat transfer measurements. 
Viscosity
The relative viscosities (the ratio between nanofluid and base fluid viscosities) measured at 20 ºC and 65 ºC are presented in Table 1 . In addition, the relative viscosities are shown as a function of temperature in Fig 3. The state of the particles is observed to have a significant impact: the relative viscosities decrease quickly at the melting temperature of paraffin (~50 °C). However, in colder and warmer temperatures, in which the phase change does not occur, the relative viscosities are not dependent on the temperature. Similar behavior has earlier been reported in several publications for nanofluids and nanoemulsions [17] [18] [19] 22] . Paraffin concentration has also a significant influence on viscosity, as expected. The relative viscosities of the nanofluids increase in a somewhat linear manner with increasing concentration.
The viscosities measured with the two different measurement devices (a Haake Type C falling ball viscometer and the Brookfield DV3TLVCJ0 cone/plate rotational rheometer) are mostly in agreement. Individual points show differences of up to 5.3%, but the differences are uncorrelated and do not have any clear trend. (Fig. 2) . The Newtonian behavior of the samples was studied using the rotational viscometer. All fluids behaved in Newtonian manner within the studied range of shear rate (500-1500 1/s) in the temperatures studied (20 °C and 60 °C). 
Density and thermal conductivity
The relative densities and thermal conductivities of the nanofluids are presented in Table 1 . The density of liquid paraffin is lower than that of solid paraffin [20] , and therefore the particle melting causes the nanofluid densities to decrease a few percents. This also means that the particle volume fractions of the nanofluids change slightly depending on the temperature. The thermal conductivities of the nanofluids decrease roughly in a linear manner with increasing paraffin concentration. Such a behavior was expected, since the thermal conductivity of solid paraffin at room temperature (0.24 W/mK) is significantly lower than that of water (0.60 W/mK) [20] .
Convective heat transfer
The Nusselt numbers are presented as a function of the Reynolds numbers in Fig. 5 . The PCM nanofluids reach higher Nu than water with an equal Re in both laminar and turbulent regimes, and the deviation increases with increasing concentration. Similar behavior has also been widely reported in literature for nanofluids, nanoemulsions and PCM fluids [5] [6] [7] [8] 12, 19, [21] [22] [23] [24] 34] . However, this presentation method has been criticized in several recent publications, since it does not take the pumping power into account [21] [22] [23] [24] [25] [26] . Therefore, the standard method is unable to assess the suitability of fluids for practical forced convection applications. In addition, the method disregards the influence of the Prandtl number and thus, it is also unable to state whether the performance of the fluids follow the conventional heat transfer correlations. Indeed, some recent publications have shown that the differences of Nu with equal Re may be explained simply by considering Pr in the analysis [21, 22, 27] . Therefore, a direct comparison between experimental results and a standard correlation should be presented in order to assess whether or not the fluids exhibit anomalous convective heat transfer behavior. In this work, the well-known Gnielinski correlation [7] is used as a reference.
where
The influence of the heat of melting is taken into account by defining an effective specific heat cp,eff, which is used in the determination of Pr.
The experimental Nusselt numbers (Nuexp) are compared with the Gnielinski correlation (NuGni) in Fig. 6 . The correlation seems to be able to explain the heat transfer behavior of the PCM nanofluids rather adequately and therefore, most of the differences observed based on equal Re (Fig. 5) can be explained by considering Pr (Fig. 6) . The average deviations from the correlation are 0.8%, 7.1% and 7.2% in the order of increasing concentration. The 7.5 w-% and 10.0 w-% fluids obtain rather systematically slightly higher Nusselt numbers, but the differences are within the uncertainty of the correlation, 10% [33] . These small deviations may indicate minor convection enhancement, but clear conclusions of such a small differences cannot be drawn due to the limits of the accuracy of the correlation and the experiments. Consequently, it can be concluded that significant anomalies in the convection caused by neither the melting of the PCM nor the presence of the nanoparticles are observed.
The density difference between solid and liquid paraffin is rather small and thus, the melting does not result in significant mixing of the thermal boundary layer, such as encountered with evaporation. In addition, the SDS surfactant restricts the movement of the particles and prevents the density drop of melting from causing significant cross-sectional motion that would be beneficial in terms of convection. The particles are thus forced to maintain a relatively even distribution throughout the fluid in spite of the local density differences between the particles and the base fluid.
The results indicate that heat transfer coefficients of relatively low concentrated PCM nanofluids can be assessed with reasonable accuracy using the conventional correlations. Naturally, more unexpected results might be obtained with yet higher concentrations. The particle fractions studied herein (5-10 w-%) are rather high for nanofluids, but even higher concentrations are often studied in the class of micro PCM fluids (~30%) [2, 5, 28] . 
Friction factors and pressure losses
The Darcy friction factors are presented in Fig 7. The experimental values of all fluids measured follow the trends estimated for laminar and turbulent flow. However, the values seem to shift slightly towards the left with increasing concentration, as observed also by Wang et al. [2] . This indicates, that the paraffin nanofluids exhibit viscous behavior that would be expected from fluids with slightly lower viscosities. With fixed flow rates, the higher viscosities of the more concentrated fluids result in lower Reynolds numbers, but the pressure losses of the nanofluids do not increase correspondingly. Instead, the pressure losses remain somewhat unchanged with a fixed flow rate (Fig. 8) . Almost all the data falls within the uncertainties of 1% for both pressure losses and velocities. Therefore, the fluids studied herein do not exhibit penalties in pressure losses, which is advantageous in terms of performance in practical applications. Previously, pressure loss penalties of various magnitudes have been reported for both nanofluids and PCM fluids [3, 5, 12, 21, 22, 29] . In addition, even decreased pressure losses have been reported for PCM fluids in some cases, but that phenomenon can be mostly attributed to turbulence suppression i.e. flow laminarization [5, [30] [31] . 
Phase change
In a constantly circulating flow loop, sufficient inlet and outlet temperatures do not confirm unambiguously that the phase change occurs. For example, slow phase change kinetics could result in incomplete melting of the PCM in high flow velocities. Therefore, the complete melting of the PCM fluids was confirmed also based on the measured heat transfer power differences between the nanofluid and water sides of the heat exchanger. In Figure 9 , the latent heats calculated in this manner are compared with the latent heats based on DSC measurements. The values include notably high uncertainty of tens of percents, since the errors of almost each value measured have a contribution here. In particular, a 1% error in the specific heat could result in an error of ~20%, since the power of the latent heat is relatively small compared to power of the sensible heat. In the laminar regime, also the heat loss through the outer tube has a notable impact, thus further reducing the accuracy. Nevertheless, Fig. 10 shows that the latent heats observed correspond roughly to the latent heats measured with DSC, thus verifying that the melting did occur inside the heat exchanger.
Fig 9.
The phase change observed in the convective heat transfer measurements (Re = 700 -11000). Figures 10 and 11 describe the effective heat transfer performance of the fluids: the heat transfer powers are presented as a function of pumping power. This comparison yields insight into the suitability of the fluids for practical forced convection applications. On this basis, the addition of nanoparticles seems to deteriorate the fluid performance, despite the exploitation of the latent heat of the melting particles. All three nanofluids show lower performance than water, and the performance decreases with increasing concentration. This can be interpreted as the beneficial impact of the melting being outweighed by the negative effects caused by the increased viscosity and decreased specific heat. The fluids studied herein require rather a large temperature change (~30 °C) for complete melting of the particles. In addition, the fractions of PCM (≤10.0 w-%) are rather small when compared to those of some micro-scale phase change slurries measured in earlier studies (up to ~30%) [2, 5, 28] . Therefore, most of the energy is still carried as sensible heat, and the latent heat has a relatively small contribution (≤ 12.3%) to the total energy density. Consequently, a narrower temperature range of melting would be more desirable for PCM heat transfer fluids. This could be obtained for instance with use of pure alkanes as PCM instead of paraffin consisting of mixture of alkanes. However, pure alkanes are significantly more expensive than paraffin. In addition, such fluids might also have higher supercooling degrees, which should be addressed in order to obtain feasibility for practical forced convection applications. 
Convective heat transfer efficiency

CONCLUSIONS
The convective heat transfer performance of nanofluids containing solid-liquid phase changing paraffin particles was experimentally studied. Three water-based paraffin nanofluids with different concentrations (5.0, 7.5 and 10.0 w-%) were prepared and measured with an annular tube heat exchanger. The thermal properties and the structure of the fluids were also thoroughly characterized: latent heats, specific heats, viscosities, thermal conductivities, densities and particle size distributions were all determined experimentally.
Significant anomalies in the convection heat transfer caused by neither the melting of the PCM nor the presence of the nanoparticles were observed. This indicates that the convective heat transfer of relatively low concentrated solid-liquid phase changing nanofluids can be predicted with reasonable accuracy using the conventional correlations. However, higher concentrations than those studied herein (≤10 w-%) may result in less predictable behavior.
When compared on the basis of equal pumping powers, the nanofluids showed poorer performance than water. This can be interpreted as follows: the positive impact of the latent heat of melting is outweighed by the negative effects of the higher viscosity and lower specific heat. Therefore, the fluids studied herein do not seem suitable for practical forced convection applications. More promising results might be obtained for example by using PCMs with narrower melting temperature ranges.
The nanofluids and water showed similar pressure losses with equal velocities and thus, no notable pressure loss penalties due to the nanoparticles were observed. Indeed, the friction behavior of the nanofluids did not fully correspond to the predicted behavior for fluids as viscous, but the nanofluids exhibited slightly lower friction factors instead.
The addition of the paraffin particles caused the density, the specific heat and the thermal conductivity to decrease, and the viscosity to increase, as expected. The melting of the particles was observed to decrease the relative viscosity. This indicates that liquid droplets cause less resistance on the flow than solid particles. In temperature ranges in which the melting does not occur, the relative viscosities were somewhat independent on the temperature.
